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A novel spintronic nanodevice is proposed that is capable to manipulate the single heavy hole
spin state in a coherent manner. It can act as a single quantum logic gate. The heavy hole spin
transformations are realized by transporting the hole around closed loops defined by metal gates
deposited on top of the nanodevice. The device exploits Dresselhaus spin orbit interaction which
translates the spatial motion of the hole into a rotation of the spin. The proposed quantum gate
operates on sub nanosecond time scales and requires only the application of a weak static voltage
which allows for addressing heavy hole spin qubit individually. Our results are supported by quantum
mechanical time dependent calculations within the four band Luttinger Kohn model.
PACS numbers: 73.21.La, 03.67.Lx, 73.63.Nm
There is currently great interest in studying spin re-
lated phenomena in semiconductors. On the one hand
there is novel fundamental physics at the nanoscale and
on the other hand one expects applications in terms of
spin based quantum information processing[1, 2]. Physi-
cal realization of quantum computers requires fulfillment
of a number of challenging criteria[3]. A fragile quan-
tum state has to be coherent for sufficient long time
which usually requires its isolation from the environment.
On the other hand it has to be externally manipulated.
For these purposes, the electron spin in semiconductor
quantum dots was suggested as a promising candidate[4].
There are a number of experiments in which the electron
spin is initialized, manipulated, stored and read out[5–
11].
Usually spin state manipulation requires the appli-
cation of microwave radiation, radio-frequency electric
fields as well as magnetic fields. These methods strongly
limits the possibility to address spins qubits individually.
The first step towards selective control of individual sin-
gle electron spins was demonstrated in recent state of the
art experiments[12, 13]. Electron spin manipulation was
realized by means of electric fields which can be generated
locally quite easily and indirectly via spin orbit interac-
tion which couples charge and spin degrees of freedom.
Electron spin control based on spin orbit effect was also
proposed in some theoretical papers[14–18].
Unfortunately, in most semiconductor quantum dots
the electron spin is exposed to hyperfine interaction with
nuclear spins which are present in the host material. This
interaction is then the main source of electron spin deco-
herence in quantum dots putting a severe restriction on
the possibility to realize a highly coherent electron spin
qubit[19, 20].
There are several appealing ideas how to deal with this
type of decoherence in quantum dot systems[21]. Very
promising way to eliminate or reduce the contact hyper-
fine interaction with the nuclear spin lattice is to use
the spin state of the valence holes - a missing electron
in the valence band - as a carrier of quantum informa-
tion instead of electrons. Holes are described by the p-
orbitals that vanish at a nuclear site which strongly sup-
presses the hyperfine contact interaction. Thus one can
expect longer coherence times for hole spin states[22, 23].
Some experiments seem to confirm this statement report-
ing long relaxation (∼ms) and coherence (∼ µs) times
[24–27] for hole spins while others reported a very short
hole spin dephasing time (∼ns)[28]. Recent theoretical
investigations[29, 30] and experiments [31] seem to re-
solve this mismatch of coherence time in different experi-
ments suggesting that the absence of mixing between the
heavy hole (HH) and the light hole(LH) state is crucial
for a long hole spin coherence time. Not only long coher-
ence times but also the possibility to initialize the hole
spin state even without a magnetic field[25], and the re-
cent realization of a coherent control of a hole spin state
in single and double coupled quantum dots[32–34] has
promoted the hole as a very good candidate as carrier of
quantum bit information. There are also a few theoreti-
cal proposals how the HH spin state can be manipulated
[35–37].
In this paper we demonstrate by using a four band
HH-LH model that the motion of the valence hole in
gated semiconductor nanostructures can induce the ro-
tation of the HH spin in the presence of the Dresselhaus
spin-orbit interaction (DSOI). Supported by these results
we present an efficient scheme which can be used to real-
ize any rotation of the HH spin and propose a nanodevice
which acts as a quantum logic NOT gate on a HH spin
qubit. The spin rotations are realized by transporting
the hole along a closed loop which is defined by metal
gates. Application of the multiband model allows us to
study mixing between HH and LH states. We found that
in the considered nanostructures the HH-LH mixing is
2negligible so we can expect long coherence times for a
qubit stored in the HH spin state.
We consider a planar heterostructure covered by
nanostructured metal gates. The system consist of a 10
nm thick zinc-blende quantum well structure sandwiched
between two 10 nm blocking barriers (Fig. 1) in which
the single valence hole is confined.
FIG. 1: Crossection of the nanodevice
The hole which forms a charge distribution (associated
with its wave function) in this quantum well induces a
response potential of the electron gas in the metallic gate
which in turns leads to a self-focusing mechanism of the
confined charged particle wave function [38]. Thus inter-
action of the hole with the metal is a source of additional
lateral confinement. As a result the hole is self-trapped
under the metal in the form of a stable Gaussian like wave
packet. It has the unique property for a quantum parti-
cle, that it reflects from a barrier or tunnels through it
with 100% probability while conserving its shape, which
is rather a characteristic of classical objects. This prop-
erty can be used to transfer a charged particle in the
form of a stable wave packet (soliton) between different
locations within the nanodevice by applying static weak
voltages to the electrodes only[39].
We use a system of coordinates in which the quantum
well is oriented in the z[001] (growth) direction and the
hole can move only in the x[100]− y[010] plane. We con-
sider the two dimensional four band HH (Jz = ±3/2),
LH (Jz = ±1/2) Hamiltonian:
Hˆ = HˆLK − |e|φ(x, y, z0)Iˆ + Hˆ2DBIA. (1)
The first term is the Luttinger-Kohn Hamiltonian[40] de-
scribing the kinetic energy of the 2D hole, which for zinc
blende materials can be written in the effective mass ap-
proximation as:
HˆLK =


Pˆ+ 0 Rˆ 0
0 Pˆ− 0 Rˆ
Rˆ† 0 Pˆ− 0
0 Rˆ† 0 Pˆ+

 , (2)
where Pˆ± =
h¯2
2m0
(γ1 ± γ2)(k2x + k2y) + E±0 and Rˆ =
h¯2
2m0
√
3[γ2(k
2
x − k2y) − 2iγ3kxky]. We denote E±0 =
h¯2
2m0
(γ1 ∓ 2γ2)〈k2z〉 as the first subband energy in the
z direction with 〈kz〉2 = π2/d2, where d is the quan-
tum well height, γ1, γ2, γ3 are the Luttinger parameters
and m0 is the free electron mass. Momentum operators
are kq = −i ∂∂q where q = x, y. We use the represen-
tation where the projections of Bloch angular momen-
tum on the z axis are arranged in the following order
Jz =
3
2 ,
1
2 ,− 12 ,− 32 . Consistently with this convention
the state vector can be written as
Ψ(x, y, t) = (ψ↑HH(x, y, t), ψ
↑
LH(x, y, t), (3)
ψ↓LH(x, y, t), ψ
↓
HH(x, y, t))
T . (4)
The electrostatic potential φ(x, y, z0, t) which is ”felt” by
the hole is the source of the self trapping potential. Its
origin is due to charges induced on the metal electrodes.
The potential is found by solving the Poisson equation
in a three dimensional computational box containing the
entire nanodevice. The detailed method was described
in Refs [17, 39]. Quantum calculations [41] indicate that
this is a good approximation of the actual response po-
tential of the electron gas. The Iˆ is the unit operator,
e is the elementary charge and z0 is the center of the
quantum well. The HˆBIA term accounts for the DSOI
[42] which is caused by the lack of inversion symmetry
of the crystal - a characteristic feature for zinc blende
materials - and (including two main contributions) takes
the following form for bulk[43]
HˆBIA = −β0k·ΩJ − βΩk·J , (5)
where k = (kx, ky, kz) is the momentum vector and
J = (Jx, Jy, Jz) is the vector of the 4× 4 spin 3/2 matri-
ces. The x component of ΩO is the Ω
x
O = {Ox, O2y−O2z}
and ΩyO,Ω
z
O can be obtained by cyclic permutations,
{A,B} = 12 (AB + BA) and the operator O = k, J . Go-
ing from bulk to 2D systems and neglecting qubic k terms
the bulk DSOI can be directly transformed into:
Hˆ2DBIA =
β0
2


0
√
3k+ 0 3k−√
3k− 0 −3k+ 0
0 −3k− 0
√
3k+
3k+ 0
√
3k− 0


+
β〈k2z〉
2


0
√
3k+ 0 0√
3k− 0 2k+ 0
0 2k− 0
√
3k+
0 0
√
3k− 0


(6)
where k± = kx ± iky and values of β0 and β for different
materials can be found in Refs [43, 44].
The time evolution of the system is described by the time
dependent Schro¨dinger equation which is solved numeri-
cally self-consistently with the Poisson equation. Due to
the motion of the hole wave packet the Poisson equation
has to be solved in every time step of the iteration proce-
dure. The initial condition is the ground state of the hole
confined under the metal due to the self focusing effect
and is calculated by solving the stationary Schro¨dinger
3equation HˆΨ0(x, y) = EΨ0(x, y).
Let us consider the heterostructure from Fig. 1 cov-
ered by the two electrodes e1 and e2 depicted in Figs 2(d),
2(d′) respectively. In the initial state the hole is confined
in the ground state under e1 which can be achieved by
applying a voltage V1 = −0.3 mV and V2 = 0 to the elec-
trodes e1 and e2, respectively. We assume that the hole
is in the initial state Ψ(x, y, t0) = (ψ
↑
HH(x, y, t0), 0, 0, 0)
T
[45]. The hole is forced to move along the path un-
der the electrode e2 by changing the voltage configura-
tion to V1 = 0 and V2 = −0.5 mV. We plot the prob-
ability of finding the hole in the possible basis states
PJz(t) =
∫ |ψJz(x, y, t)|2dxdy in Figs 2(c), 2(c′) where
Jz = 3/2, 1/2,−1/2,−3/2. We observe that during the
motion as well as in the ground state, the probability of
finding the hole in the LH state is very small (∼ 10−4). It
means that the mixing between HH and LH states is neg-
ligible. Because of the fact that the hole is mainly com-
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FIG. 2: Time evolution of the HH spin components (a), av-
erage position of the hole wave packet(b) and probability of
occupying the following hole basis states(c): |HH ↑〉, |HH ↓〉,
|LH ↑〉, |LH ↓〉, for a hole moving along the wire covered by
the electrodes e1, e2 form figure (d). In figure (c) left (right)
axis corresponds to probability of finding the hole in the HH
(LH) spin states. Results for hole moving along the wire
placed in y (d’) direction are depicted in (a’) (b’) (c’). Above
each plot there are Bloch spheres representing the qubit after
each π/2 rotation.
posed of the HH state in the considered nanostuctures we
can calculate expectation values of the HH pseudospin
1/2 operator ~s = 〈3h¯2 ~σ〉ΨHH for the HH state defined
as ΨHH(x, y, t) = (ψ
↑
HH(x, y, t), ψ
↓
HH(x, y, t))
T where ~σ
are the Pauli spin 1/2 matrices. For a hole occupying
the HH band only the expectation values of total angu-
lar momentum J = 3/2 matrices are 〈Jx〉 = 〈Jy〉 = 0
and 〈Jz〉 = sz . The time dependence of the HH average
spin components are given in Figs 2(a), 2(a′). During
the motion of a hole along the x (y) axis the sx (sy) spin
component is preserved and sy (sx), sz components os-
cillate: the HH spin is rotated around the axis parallel
to the direction of motion. This behavior can be under-
stood by analyzing an approximated HˆBIA Hamiltonian
for the HH band only[46]
HˆHHBIA = −
β˜
h¯3
[(p3x + pxp
2
y)σx + (p
3
y + p
2
xpy)σy]. (7)
For quantum wires placed along the q direction, the
above Hamiltonian can be approximated by HˆHHBIA,q =
− β˜
h¯3
(p3q + pq〈p2q⊥〉)σq, where q = x, y, q⊥ axis is per-
pendicular to q and the β˜ is an effective DSOI coupling
strength given in [46].
From the fact that the momentum operators pq and p
3
q
are multiplied by the HH spin operator σq, one can expect
that the hole motion with pq momentum will generate a
spin rotation around the q axis according to the time evo-
lution operator Uˆq(t) = e
−iHˆHHBIA,qt/h¯.
After traveling a certain distance λ(t), the spin is ro-
tated by the angle φ(t) = 2π λ(t)λSO . Thus one can say that
a unitary operation was performed on the HH spin state.
One can derive the corresponding unitary spin rotation
operator for a hole moving in the wire placed along the
x axis:
Rˆx(φ) =
1√
2

 i
√
1 + cos(φ) sin(φ)√
1+cos(φ)
sin(φ)√
1+cos(φ)
i
√
1 + cos(φ)

 (8)
and for a hole moving in the wire which is placed along
the y direction:
Rˆy(φ) =
1√
2


√
1 + cos(φ) − sin(φ)√
1+cos(φ)
sin(φ)√
1+cos(φ)
√
1 + cos(φ)

 . (9)
The hole restores its initial spin after passing the dis-
tance λSO which depends on the DSOI coupling strengths
and the effective mass(Luttinger parameters). The
presented results are obtained for a GaAs quantum well,
but we also performed calculations for other materials
ZnSe, and CdTe and estimated the λSO length: λ
GaAs
SO =
2.75 µm , λZnSeSO = 0.6 µm, λ
CdTe
SO = 0.5 µm [47].
It’s worth to mention that the ”on demand” single elec-
tron transport on such distances (µm) and even much
larger was recently realized experimentally using surface
acoustic waves [48, 49].
Taking advantage of the fact that the hole motion gen-
erates HH spin rotations one can design a gated semicon-
ductor nonodevice which will act on the HH spin qubit
as a quantum gate. We propose a nanodevice covered
by the system of electrodes from Fig. 3 which act as a
quantum NOT gate.
The hole whose spin we want to transform is initially
confined under electrode e1 where a constant V1 = −0.2
mV voltage is applied while the voltage on the other elec-
trodes is set to zero. Let us assume that the hole is in the
ground state with its initial spin state prepared to the HH
spin up state. By changing the voltage applied to e1 to
V1 = 0 and increasing the voltage on e4 to V4 = −0.5 mV
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FIG. 3: Same as Fig 2. but for the quantum NOT gate
which is covered by the system of electrodes e1−e5 presented
in (d). In figure (d) solid orange line represents the hole tra-
jectory (orange arrow represents direction of motion of the
hole). Hole initially confined under e1 goes to the +x direc-
tion passing A, B, C, and D segments of the loop. Vector state
is depicted on the Bloch spheres in the subsequent moments
of time: t0 − tD.
the hole starts to move in the +x direction under elec-
trode e4. After passing a λSO/4 distance of segment A
the HH spin is rotated around the x axis by an angle π/2
and the Rˆx(π/2) operation is performed. At the end of
segment A the hole wave packet turns right and starts to
move parallel to the y axis. During the reflection the hole
wave packet does not scatter due to the self-focusing ef-
fect. The hole goes under electrode e5 whose voltage was
in the meantime set to the voltage of the e4 electrode.
The hole passes the B segment whose length is λSO/2
performing the Rˆy(π) operation and turns right. Then
the hole moves in −x and −y directions performing the
Rˆx(−π/2) and Rˆy(−π) operation. Finally the hole re-
turns to its initial position under the e1 electrode where
it is captured by applying the V1 = −0.7 mV voltage.
After passing the whole loop a set of HH spin transfor-
mations is performed resulting in a NOT gate operation
UˆNOT = Rˆy(−π)Rˆx(−π/2)Rˆy(π)Rˆx(π/2) = iσx. Since
the hole after completing the set of transformations re-
turns to its initial position, the gate operation is per-
formed on the HH spin exclusively, not on the spatial
part of the wave function. Size of the gate depends only
on the λSO length for the considered material.
The gate operation time for GaAs and applied start-
ing voltage configuration is tGaAsNOT ≈ 220 ps. As the time
is proportional to λSO the gate operation time for other
materials is significantly improved reaching tCdTeNOT ≈ 40
ps and tZnSeNOT ≈ 50 ps.
In conclusion, we showed that the motion of the hole in
gated semiconductor heterostructures can induce a coher-
ent rotation of the HH spin where the DSOI is the media-
tor of this process. An important result is that during the
motion in the presence of the DSOI the mixing between
HH and LH states is negligible from which we can expect
that the proposed HH spin qubit should be robust to de-
coherence coming from the interaction with the nuclear
spins. We proposed a quantum NOT gate which operates
in sub nanoseconds and it is controlled only by means
of small static local electric fields generated by the top
gates. It allows to address the HH spin qubit individually
making our proposal scalable. Acknowledgements. This
work was supported by the Grant No. N N202 128337
from the Ministry of Science and Higher Education, as
well as by the ”Krakow Interdisciplinary PhD-Project
in Nanoscience and Advances Nanostructures” operated
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